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Polarons and Bipolarons in Sigma-
Conjugated Polymer Backbonest

‘S. JEYADEV, S. R. PHILLPOT AND M. J. RICE

Xerox Webster Research Center, 800 Phillips Road 0114-38D, Webster, NY 14580

A coupled electron-lattice model of a saturated homopolymer, such as a poly(organosilylene),
is introduced. It shows that the states available in the polymer backbone for the addition
or excitation of electrons, or holes, are localized intragap states that are spontaneously
generated by bond order polaron formation.

. INTRODUCTION

One-electron theory models! that stress electron-lattice coupling have
been successful in interpreting the observed solid state properties of
conjugated polymers such as polyacetylene.? In this paper we report
on the extension® of this type of model to describe a saturated pol-
ymer. Specifically, we have constructed a microscopic model of the
backbone states of a tetrahedrally bonded polymer with formula
—(—AR;—),—, where A denotes a Group IVA atom and R an
organic side group. This type of saturated homopolymer includes the
polysilylenes* and the polygermylenes® as well as, of course, the wide
class of carbon based polymers. They have band gaps in the ultaviolet
(UV).

Very interestingly, the model shows that, provided the electron-
lattice interaction is not so strong that scission of the polymer occurs,
the saturated polymer can support polaron states with localized gap-
state and infrared (IR) vibrational characteristics similar to those
found in models of conjugated polymers with non-degenerated ground
states.%’ In particular, there is a paramagnetic polaron, a diamagnetic
bipolaron, and a charge-neutral polaron excitation that is the relaxed
photoexcitation of the polymer. They involve localized regions of

+Research supported in part by the National Science Foundation—Solid State
Chemistry—Grant DMR-8416511.
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reduced bond order and, hence, of weakened bonds. For the UV-
sensitive polyorganosilylenes*® we estimate that the width of the neu-
tral polaron is only a few bond lengths, thus providing a specific
mechanism for energy localization.

i. THE MODEL

The microscopic model is defined by the Hamiltonian

H = 2AN + D, (Bri' + IMR?) — A Y (a*;.b;,
i jo
+he) - 2V, 1@*ebio1o + he) (1)
ho

It describes N(N — =) A atoms of mass M whose instantaneous
positions and velocities in a frans chain backbone (lying along the x-
axis) are denoted by R; and R;, respectively (j = 1,2,—N). It is
assumed that the electronic states of the backbone are derived from
interaction of atomic-A sp*-like orbitals, ¥, (x — R;) and ¥,(x -
R;_,), which point along the same A—A bond (see Figure 1). The
other atomic hybrid orbitals, pointing along the A—R bonds, are
supposed to be effectively decoupled from the a and b orbitals on
account of strong bonding with the side groups R. The matrix element
describing the interaction of the a and b orbitals is denoted by V; ;_,
and taken to have the specific form*>® V; ;_, = Dr;?, where Dis a
constant and ;= |[R; — R;_,|. At the same time, a repulsive interaction
U; = Br;! is assumed to exist between the same pair of atoms, j and
J — 1, where B and [ are constants. Together, V; ;_, and U; micro-
scopically define the electron lattice interaction. a} , and b7 , are
fermion operators which create, respectively, an electron with spin
o in the a and b orbital of the atom j. A denotes the matrix element

FIGURE 1 The trans polymer model.
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between a and b orbitals on the same atomic site and 44, denotes
the atomic sp® promotion energy. The energies in (1) are measured
relative to the atomic energies and there is one electron per orbital.

The ground state of (1) is that of a covalent semiconductor!! with
bonds of equal length r and an electron energy spectrum, €,, given
by :

€ — Ay = = [V3(r) + A? + 2V(r) Acos(xk a)]"?= = E, (2)

Here, V(r) = D/r*, 2a = 2r sin 6 is the period of the trans chain, 26
is the tetrahedral bond angle and the allowed wavevectors, k, are
defined in the extended zone —# < k a < w. The covalent energy
gap, E,, is just 2 (V(r) — A) = 2 a. If A = 0, the polymer consists
of N — 1 independent bonds in which the electronic energy levels
are at Ay = V(r). If A # 0, the bonds become coupled and charged
delocalizes from them toward the atomic sites. Minimization of the
total energy per bond E(r) with respect to r fixes the equilibrium
bond length r, according to

BIrl = [A VIKN - 1)] D, (W.JE,) (3a)

and leads to the result

E, = 28 - [2(N - D] 2 Ef1 -~ @QVWJDE:?]  (3b)

for the binding energy (BE) per bond, E, = E(r), where W, = V
+ A cos (k a) and V = V(r,). Similarly, K(r) = &E/9 72 may be
evaluated to give

« = [2( - 2)BAIN - D] S WES — [2v(N - D] S 2EZ3,  (8)

the bond stretch force constant, K = K(ry), where A, = Asin (ka),
and -+ and B are, respectively, the first and second derivatives of
V(r) evaluated at r,. The frequency of the transverse optical (TO)
phonon of the polymer is wpo = (4K/M)'? cos 8. The sums in (3a),
(3b) and (4) are easily evaluated in terms of elliptic functions. To-
gether with the formula for E, they may be used, in principle, to
determine the four microscopic parameters B, I, D and A from the
experimentally observed values of 7y, E,, K and E,.
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. POLARON AND BIPOLARON SOLUTIONS

We now consider the states available in the polymer for the addition
or excitation of electrons or holes. Because of the nature of the ground
state we anticipate polaron formation that involves bond length re-
laxation. If we require the latter to leave the length of the polymer
unchanged we are led to consider a static displacement pattern of the
form of a TO phonon, i.e., y; = (—1) (&/2 cos6), where y; denotes
the displacement in the y direction of the jth atom from its ground
state equilibrium position RY (see Figure 1). If the bond relaxation
(elongation) amplitude y; is sufficiently small and only slowly varying
over interatomic distances we may expand (1) about {R% and express
the orbital amplitudes for electronic states with levels €, close to the
gap edges as a;, = (—1YA,(x) and b,; = — (1) B,(x), where x
denotes an arbitrary point along the polymer axis in a continuum
description, ja — x. The electronic states and u; = u(x) are then
found to be determined by the simultaneous solution of

€Ax(x) = Q_(x)B,(x) (S2)
€.Ba(x) = Q. (0)A,(x) (5b)

'yu(x) = V(X) = - (z'yleO)En[pn(x) - pn(w)]vm (50)

where the operators Q = (x) and the local bond orders p,(x) are
defined by

Q.x) = —a— (@2)VV:2 +v(x) £ VaV, (6a)
Pa(x) = [AX(x)B,(x) + c.c.}2. (6b)
v(x) in (5c) is the potential felt by the electrons due to the lattice
distortion described by u(x), v, is the electronic occupation of the

nth level and K| is the unscreened force constant given by the first
term of (4). A, and B, are normalized according to

[@xiaianr + 1B,coR = 1 ™
and the total energy of the polymer is

E=3v,e + (Ke2) | (delauty ®
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where in (7) and (8) the integral extends over L = N/a — «, and
the levels €, are measured relative to A,,.

We have derived polaron solutions of (5) which have the form u(x)
= €*(ay) sech®(x/g,), where € = (AV)'%(a/t,), and are accurate to
order (a/¢,)* (VI2a)? = A\2. The corresponding spectrum of electronic
states consists of

_(a) a pair of localized intragap levels with energies + (a? — €?)12
= + ¢,, and wavefunctions A.(x) fo(x + xo) and B.(x) = F fo(x
— Xo), where fo(x) = (a/4 £,)'? sech(x/€,) and x, = (V/2a)a. The
polaron halfwidth, §,, is

g = £(v) = QKAViay?)(alv). ©)

In (9) we have introduced v = v, + 2 — v_, where v, and v_ are
the electronic occupations of the upper and lower intragap levels,
respectively. Note that e is proportional to v.

(b) conduction (+) and valence (—) band states with energies
€. (k) = = («® + AV(ka)®>)V*(k + 0), and wavefunctions A ., ,(x)
= fk(x + xO)’ B., k(x) == fk(x - xO)’ where,

fi(x) = (al2L,)*? exp(—ik x)[kE, + i tanh(x/E,)], (10)

and L, = L(1 + (k &)%) + 2¢,. The wavevectors k are obtained
from kL = 2w+ + 0, where t = 0, =1, 2, ..., and 0, =
2tan~!(1/k£,) is the phase shift experienced by the band states in their
transmission through the region of the polaron.

IV. DISCUSSION AND CONCLUSIONS

We first note that the quantity A = v(y¥/4KoA) ~ v(V/AA(l — 2)) is
a measure of the strength of the electron-lattice interaction. For-
mally, if A — (V/4A)2 < 1, ¢,— 0, the energy of an unpaired orbital.
This suggests that if A = 1, the addition or excitation of an electron
or hole will cause scission of the polymer.

The presence of the polaron removes precisely one state per spin
from the occupied valence band. Consequently, (and as may be di-
rectly verified from Eq. (10) there is a valence band charge deficit in
the region that is equal to the charge of two electrons.! The total
charge, Q, of the polaron is thus found tobe Q = e(v, + v_ — 2),
where e denotes the charge on an electron. Since either intragap level
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may accommodate, 0, 1 or 2 electrons, it follows that there is a
paramagnetic polaron (v = 1) with charge * e, a spinless bipolaron
(v = 2) with charge + 2e and a charge-neutral polaron (v = 2). The
occupancies of the intragap levels, the spin states and the stable
excited (v = 3,4) states of these polarons are depicted in Table 1.
The neutral polaron corresponds to a relaxed electron-hole pair ex-
citation and may be photogenerated in the polymer. Free charges are
not, therefore, directly created by photoexcitation. In calculating the
polaron formation energy, E, (v), from (8) we find that the (down-
ward) shifts of the valence band states e _ (k) relative to their ground
state values (due to the phase shift 6,) sum precisely to €, per spin.
Thus, remarkably, there is an exact cancellation of the energy of the
lower intragap level —¢,. In consequence E, (v) is just

E,(v) = (vi3a)€? (v) + v(a® — €(v))'?, (11)
from which the polaron BE, €z (v) = —v €%(v)/6a, is seen to vary as

V3. There is, thereforé a strong tendency for two polarons on the
same chain to form a bipolaron.

TABLE 1
Characteristics of the Polaron States of the Saturated Homopolymer

charge gap-state spin stable excited
occupancy* states state
——0—
2e S$=0
e . S=1% ——
——o— ——
0 . §$=0,1 e
—_— ’ —_—
-€ * S=%
-2e S=0

* Each solid circle denotes an electron. The gap states are “screened”
by a valence band charge deficit of 2 electrons
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An approximate calculation of the vibrational modes of the pola-
rons may be carried out by introducing bonding and antibonding
states, V2 ¥Z(x) = A,(x) = B,(x) for the electrons and then, in
considering their response to small oscillations about the static po-
laron solutions, neglecting the coupling between ¥} and ¥;. The
problem may then be mapped on to the corresponding problem for
the Holstein large polaron’? with the result that the frequencies, ,,
of the odd parity infrared modes are

Q%5 = 0?pos(s + 5)/(s®> + 55 + 4) (12)

where s = 0,24, . . . . This spectrum consists of a zero-frequency
translational model (s = 0) and a quasi-band of localized modes
beginning at 0.88 wyo and extending up to just below wo. It implies
a quantum correction to E,(v) of order-hwyo/2. If we denote by m
the mass of an electron, the adiabatic translational masses of the
polarons are

my(v) = |Ql(mle) + (4 (WIM)/[15(a y )*(AV)?]  (13)

where the second term has been obtained by boosting the static po-
laron solution and calculating the resulting kinetic energy of the lattice
from (1).

For the poly-organosilylenes the observed energy, E,(N), of max-
imum UV absorption (~4 eV for N — «) exhibits a striking de-
pendence on polymer length, aN.13-8 This is consistent with the elec-
tronic transitions occurring between delocalized bonding and
antibonding states of the Si backbone.* For finite N, (2) leads to the
result E(N) = 2[a? + 2V A (1 — cos(w/N))}*? for the energy gap,
and is able to account for the N-dependence observed!® for
poly(dimethylsilylene) for N = 3t024if V = 3.3eVand A = 1.3
eV. Further, with the experimental values® r, = 2.34 Aand K =
9.5 eV A-2, we obtain y = 2Vir, = 2.8 eVA-! and, from (4),
K, = 9.9 eVA -2 These values lead to the estimates of &,/a, u(o)ir,,

© ® .9 ° O
' IR S P

S & & b

FIGURE 2 The hole bond-order polaron in a polysilylene polymer. The broken lines
depict weakened bonds. :
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€p, m,/m and Ae¢, = 2(a — ¢,) that are presented in Table II. In
calculating the m, from (12) M was taken to be the mass of the silicon
atom and the two methyl side groups. It is seen that the polaron
(¢, ~ 5a) is estimated to be weakly bound. For adiabatic motion,
i.e., for temperatures T << ~m,v3/2ky ~ 600K, where v, = 4§,
wto, it would behave like a free electron or hole. This is consistent
with the observations that the polysilylenes support hole trans-
port.'¢7 On the other hand, the narrow width &, ~ 2.5a found for
either the bipolaron or neutral polaron suggests that formation of the
latter excitation would be a very effective mechanism for energy
localization and may well be the precursor of polymer scission. The
estimate Ae, = .32 eV for the corresponding Stokes shift is in agree-
ment with the values observed!® for the UV-sensitive(alkyl) poly-
organosilylenes. Numerical minimization of the energy of the discrete
model (1) with a sech? [(j — j,) (a/€,)] ansatz for u;, and with B and
! determined?® from (3a) and (4), confirms the results of Table II for
the polaron but indicates a significantly narrower width, £, ~ 1.65a,
for the neutral polaron. (Narrower widths for the charged polarons
also can be expected if the electronic polarizability of the polymer
medium is taken into account).

Photoinduced absorption measurements on the poly-organosily-
lenes should be able to detect the intragap levels of the neutral po-
laron. While photoexcitation of a single chain does not create free
charges, interchain photoexcitation in the presence of an electric field
would lead to the generation of free polarons on different chains and,

TABLE II
Polaron parameters for poly(dimethylsilylene)

Vsl vs2
&p/a 5.3 2.6
u(0)/rq 10x102 | 41x02
-€plev) | 35102 0.10
mp/m .7 24
A€Eglev) 78x10°2 0.32
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hence, to a photocurrent. Also, light acceptor or donor doping of
the polymers should lead to a system of IR active, paramagnetic,
dopant-pinned polarons. At a higher dopant concentration this system
could exhibit a transition to a diamagnetic bipolaron lattice or liquid.

Recent experimental studies!’?° of hole mobility in the polysily-
lenes suggest that transport in the polysilylenes involves hopping
among states associated directly with the silicon backbone rather than
the pendant sidegroups and that these states are not fully extended
over the polymer but remain relatively localized. This is consistent
with the present theoretical results. The significant point for transport
is that interchain hopping of the hole—which presumably is the rate
limiting process—proceeds through the self generated intragap states
and simulates hopping among molecular sites.?!

We are currently extending (1) to include the effects of the side
groups R and hence, of full ground-state band structures for particular
group IVA homopolymers.
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